ABSTRACT: We examined the preferences of phytoplankton groups for waters of different trophic status by comparing the distribution of 8 main phytoplankton groups during the spring bloom, postbloom, and late stratification periods in the northwestern Mediterranean. Pigment chemotaxonomy (using the CHEMTAX computer program) was applied to estimate the contribution of Prymnesiophyceae, Pelagophyceae, Synechococcus spp., Prochlorococcus spp., Prasinophyceae, Cryptophyceae, Dinophyceae, and Bacillariophyceae to the chlorophyll a (chl a) stock. Particulate organic nitrogen (PON) concentration was used as an indicator of trophic status. PON at the surface was 1.7 ± 1.4, 0.57 ± 0.02, and 0.37 ± 0.04 µmol l -1 in the bloom, post-bloom, and stratification periods, respectively. During the bloom period, there was a weak stratification and a large chl a biomass. Bacillariophyceae dominated during the bloom period, with a substantial contribution of Prasinophyceae. Prymnesiophyceae and Synechococcus spp. dominated during post-bloom and stratification periods, and Prochlorococcus spp. was a major contributor to biomass in the deep chlorophyll maximum (DCM) during the stratification period. Vertical segregation was also evident for Pelagophyceae, Prymnesiophyceae, and Cryptophyceae, which preferred the DCM to surface layers in non-bloom conditions. The relative distribution of each group combined with PON concentrations in these 3 periods allowed us to calculate a group-specific trophic preference index, which showed its highest values (more eutrophic) for Bacillariophyceae, Prasinophyceae, Cryptophyceae, and Dinophyceae; medium values (mesotrophic) for Prymnesiophyceae, Pelagophyceae, and Synechococcus spp.; and a very low value (oligotrophic) for Prochlorococcus spp. The pigment-group diversity (Shannon index) and evenness were lower during the bloom period.
INTRODUCTION
It has been postulated that marine ecosystem functioning and diversity are very much interdependent (Legendre & Rassoulzadegan 1996) . Recent studies have revealed an unexpectedly high genetic diversity of microorganisms in apparently stable environments (e.g. the deep ocean, Sogin et al. 2006 ) and significant genetic differences among apparently similar sites separated by only a few miles (Rusch et al. 2007 ). These findings illustrate the difficulty in unveiling a link between diversity at small scales and ecosystem functioning. It is possible that a large portion of this diversity can be considered redundant in terms of function. Thus, some grouping of planktonic organisms becomes a reasonable option when trying to associate diversity and function. There are several ways to classify organisms according to the objective of the study. The size of organisms is a common parameter in studies focused on the metabolic behavior of systems (López-Urrutia et al. 2006) ; Reynolds et al. (2002) classified freshwater phytoplankton assemblages based on their ecological traits; and Le Quéré et al. (2005) proposed a set of plankton functional groups characterized by their capability to drive major biogeochemical fluxes in oceans.
The taxonomic classification of phytoplankton into 3 large groups such as diatoms, dinoflagellates, and coccolithophores has been related to environmental conditions and marine productivity (Margalef 1978) . This link has been demonstrated to apply to the paleoceanographic record (Falkowski & Oliver 2007) . In general, diatoms and red-tide dinoflagellates have been associated with highly productive systems, nonred-tide dinoflagellates with oligotrophic conditions, and coccolithophores in between these 2 extremes. A significant step since Margalef's Mandala (Margalef 1978) has been the inclusion of picoplankton, and especially Synechococcus spp. and Prochlorococcus spp., into the general picture of phytoplankton ecology (Cullen et al. 2002) . The widespread use of pigment chemotaxonomy and molecular techniques has shown the importance of other groups in the structure and likely the functioning of phytoplankton populations (Andersen et al. 1996 , Liu et al. 2009 ). However, the association of these other groups with environmental and productivity conditions is still lacking.
Trophic status is a loose and sometimes subjective definition of the condition of an aquatic ecosystem. Eutrophic, mesotrophic, and oligotrophic conditions were initially limnological terms to describe the productivity of lakes (Thienemann 1928 , Carlson 1977 . Several indices have been proposed to quantitatively describe the trophic condition of water (Vollenweider et al. 1998 and references therein). 'Trophic' derives from the Greek 'trephein', to nourish, and we can argue that it might well reflect just the biomass (Elster 1958) or the potential to form biomass. Here, we have considered the concentration of particulate organic nitrogen (PON) as an indicator of biomass and, therefore, of the trophic status of a system. We have combined the concentration of PON and the distribution of major algal groups to estimate a trophic preference index (TPI) that indicates the relative preference of each phytoplankton group for waters with different trophic status.
We carried out the present study in the northwestern Mediterranean, a temperate area where seasonal and spatial dynamics have been well described (Bosc et al. 2004 , D'Ortenzio & Ribera d'Alcalà 2009 . Briefly, surface waters contain moderate levels of chlorophyll a (chl a) in winter because of intermittent periods of mixing and stratification. This situation lasts until the beginning of March, when the seasonal stratification begins and the spring bloom develops. This bloom becomes weaker as stratification progresses. Stratification is strongest at the end of August and the beginning of September; from then on, decreasing temperatures and stronger winds set up the conditions for increasing mixing and chl a levels at the surface. Our work was performed along a gradient of nutrient concentrations found in the situations of spring bloom, post-bloom, and late summer stratification. The aim of the present study was to examine the preferences of phytoplankton groups for waters of different trophic status by comparing the distribution of 8 main phytoplankton groups during these 3 situations in the northwestern Mediterranean.
MATERIALS AND METHODS
The study was conducted during 3 contrasting periods in the northwestern Mediterranean. Two oceanographic cruises were carried out on board the RVs 'García del Cid' and 'Cornide de Saavedra', with a total of 3 legs: EF2004, EF2005N, and EF2005S (Fig. 1) . The spring bloom situation was studied in March 2005 (EF2005N; 41.45°N, 05.10°E); a post-bloom situation was found more to the south in April 2005 (EF2005S; 38.20°N, 03.10°E); a late stratification situation was studied in September 2004 (EF2004) in the same position as the bloom. During the late stratification, 2 stations (Days 5 and 6) were studied east of Menorca (40.00°N, 05.10°E) because of bad weather in the north. These 3 situations will be referred throughout the text as bloom, post-bloom, and stratification periods, respectively. The system dynamics outlined here have been explained in detail by Bosc et al. (2004) and
At each station, daily consecutive casts were performed with a 12-bottle Niskin rosette to obtain water from a minimum of 6 depths during a continuous period of 5 d (bloom), 3 d (post-bloom), and 6 d (stratification). Depths were selected from the conductivity, temperature, and depth recorder (CTD) and fluorescence profiles to obtain the most representative chemical and biological sampling profiles. For the September cruise (stratification), a Neil Brown Mark III-CTD (WOCE standard) equipped with a Sea-Tech fluorometer was used. For the March and April legs (bloom and post-bloom), an SBE 911plus CTD equipped with a Sea-Tech fluorometer was used.
Irradiance profiles were obtained with the 2π photosynthetically available radiation (PAR; 400 to 700 nm irradiance) sensor integrated onto a FAST tracka Fast Repetition Rate fluorometer (Chelsea Instruments). The instrument was deployed daily around noon and directed away from the instrument frame of the ship to avoid shading effects. The measured irradiance values were adjusted using the following exponential equation to estimate the extinction coefficient:
(1) E (z) and E 0 are the irradiances at depth z and at the surface (µmol photons m -2 s -1 ), and K PAR is the extinction coefficient (m -1 ). The intensity of stratification was estimated by means of the calculation of the BruntVäisälä frequency for each CTD profile.
Water samples for dissolved nutrients were directly filtered from the Niskin bottles through 0.2 µm polyethersulfone filters, previously washed in diluted HCl and rinsed with distilled water. Dissolved nitrate, nitrite, ammonium, phosphate, and silicate concentrations were determined using an Evolution II autoanalyzer (Alliance Instruments), following the methods of Grasshoff et al. (1999) . For PON, 4 l of water were filtered with positive pressure (0.3 atm) through precombusted (450°C, 4 h) glass fiber filters (Whatmann GF/F), which were subsequently placed in plastic vials and frozen in liquid nitrogen. PON concentrations were analyzed in an EA1108 CHNS-O analyzer (Carlo Erba Instruments) after thawing and then drying the filters at 80°C.
For flow-cytometry quantification of Prochlorococcus spp. and Synechococcus spp., 2 ml of the samples were fixed in the dark for 10 to 30 min with paraformaldehyde plus glutaraldehyde (1 and 0.05% final concentrations, respectively; Jacquet et al. 1998) , stored in liquid nitrogen during the cruise and transferred to a -80°C freezer after arrival at the laboratory. Less than a month after the cruise, the samples were analyzed with standard protocols (e.g. Olson et al. 1993 ) on a Becton-Dickinson FACScalibur flow cytometer. Orange and red fluorescence were used to discriminate Prochlorococcus spp. from Synechococcus spp. and picoeukaryotes. Cytometer sample volume was calibrated by weighing the sample tubes before and after measuring runs.
Samples for phytoplankton counts were fixed with formaldehyde buffered with hexamine (0.6% final concentration). Cell identification was carried out to the genus and, when possible, to the species level, with an inverted microscope equipped with bright-field and phase-contrast objectives (total magnifications from 100× to 400×) using the Utermöhl method.
For pigment analysis, 2 l of seawater was filtered with positive pressure (0.3 atm) through 25 mm glass microfiber filters (Whatman GF/F). Filters were folded and blotted dry with laboratory paper and stored in liquid nitrogen. Back in the laboratory, samples were transferred to a -80°C freezer where they were stored until analysis. Pigments were extracted by placing them in 3 ml of 90% acetone (with 0.01% of butylated hydroxytoluene [BHT] to prevent allomerization of chlorophyll) and vortexed vigorously for 45 s. After 24 h at -20°C, samples were sonicated for 1 min and vortexed again for 45 s. Filter and filter debris were separated from extract by filtration through 0.8 µm Poretics polycarbonate filters. The high-performance liquid chromatography (HPLC) system (Thermo) in which samples were analyzed consisted of a P2000 solvent module, an A/S 3000 autosampler, a UV3000 absorbance detector (λ = 440 nm), a FL2000 fluorescence detector (λ ex = 430 ± 40 nm, λ em = 662 nm), and an SN 4000 controller. The column used was a 150 mm × 4.6 mm, 3.5 µm particle, Waters Symmetry C8 protected with a 3 mm × 4.6 mm guard column containing the same stationary phase. The column was kept at 25°C with a recirculating water bath. Batches of ca. 20 samples of 1 ml of extract mixed with 0.2 ml of H 2 O were queued in the autosampler tray at 4°C for less than 24 h to prevent pigment precipitation (Latasa et al. 2001) . Samples were run according to a binary gradient based on Zapata et al. (2000) with methanol : acetonitrile : 0.25 M aqueous pyridine solution (pH = 5), 50:25:25 (v:v:v) as mobile phase A, and acetonitrileacetone, 80:20 (v:v) as mobile phase B. The mobile phase gradient was (time, %A, %B): (0, 100, 0), (10, 77, 23) , (23, 77, 23) , (25, 65, 35) , (35, 60, 40) , (38, 25, 75) , (46, 15, 85) , (48, 0, l00), (57, 0, 100). Flow rate was kept at 1 ml min -1
. HPLC-grade solvents and analyticalgrade pyridine and acetic acid were from SDS.
With each batch of samples, a chl a standard (Sigma) and a mixture of extracts from known phytoplankton cultures were injected for correcting possible biases in quantification and retention time shifts, respectively. An additional representative sample was run again in the UV3000 detector at fast-scan mode for confirmation of peak identifications by absorbance characteristics. Response factor of detectors against pigment concentration was calibrated with pigment standards (DHI Water & Environment).
Phytoplankton composition was studied using the chemotaxonomic properties of phytoplankton pigments. Chl a, a proxy for total phytoplankton biomass, refers to the sum of monovinyl (MVchl a) and divinyl (DVchl a) chl a throughout the paper. Prochlorococcus spp. contribution to the bulk chl a was estimated directly as DVchl a. All other phytoplankton only contain MVchl a. The contribution of major groups to the bulk MVchl a was quantified using the CHEMTAX program (Mackey et al. 1996) . To obtain reliable results, CHEMTAX should be applied to a data set where pigment ratios within the different groups do not change. In order to identify groups of samples with similar pigment ratios, we proceeded the following way: (1) pigment:chl a ratios were calculated; (2) the natural logarithm was applied to standardize the data (before this second step, ratios whose value was zero because pigment concentration was below the detection limit were replaced by 1:3 of the minimum value of that pigment ratio for the whole data set to avoid the irresolution of the logarithm); and (3) cluster analysis was performed with the Statistica software package using the modified pigment:chl a ratios of the following pigments: divinyl chl c 3 , chl c 2 , peridinin, 19'-butanoyloxyfucoxanthin, fucoxanthin, prasinoxanthin, violaxanthin, 19'-hexanoyloxyfucoxanthin, diadinoxanthin, alloxanthin, zeaxanthin, and DVchl a. City-block distances were calculated and samples clustered according to Ward's method. Pigment samples were separated into 2 data sets, one for the stratification period and another one for bloom and post-bloom periods. Cluster analysis was applied to each of the data sets. For the stratification data, the analysis revealed 4 clusters which readily separated samples from the different layers: Cluster 1 comprised samples from 0 to 35 m depth, Cluster 2 samples from 35 to 50 m depth, Cluster 3 from the deep chlorophyll maximum (DCM) (68 to 78 m), and Cluster 4 samples from 100 to 110 m depth. For the bloom and post-bloom data set, the analysis discriminated 4 main clusters. An additional distinction between shallow, mid-depth, and deep layers resulted in a total of 7 clusters (some of the original clusters were already restricted to a particular layer). To make this second distinction between shallow, mid-depth, and deep layers, we explored the ratios diadinoxanthin : (19'-hexanoyloxyfucoxanthin + fucoxanthin) and (diadinoxanthin + zeaxanthin) : chl a as markers of shifts in pigment ratios due to irradiance and/or nutrients (Latasa 1995) . The 2 consecutive analyses applied to the bloom plus post-bloom data set grouped the fol- CHEMTAX was applied independently to each of the 11 clusters to obtain the contribution of 7 phytoplankton groups to the MVchl a stock: Prymnesiophyceae, Pelagophyceae, Prasinophyceae, Synechococcus spp., Cryptophyceae, Dinophyceae, and Bacillariophyceae.
Zeaxanthin occurs in Synechococcus spp., green algae, and Prochlorococcus spp. Because Prochlorococcus spp. does not contribute to MVchl a, it is necessary to distinguish between the zeaxanthin contributed by green algae, Synechococcus spp., and Prochlorococcus spp. (Zeax Green , Zeax Syn , and Zeax Pro , respectively). We estimated the contribution of Zeax Green based on violaxanthin (common in all green algae) from a regression of zeaxanthin against violaxanthin (ratio = 6.3, using our unpublished database from the area) when green algae dominate the zeaxanthin-containing phytoplankton. 2 using the function Solver in Microsoft Excel in default mode (time = 100 s, Iterations = 100, Precision = 0.000001, Tolerance = 5, Convergence = 0.0001, Lineal estimation, Progressive derivative, Newton's method). We used a single, common Excel cell for all Zeax Syn cell -1 with a seed value of 1.8 fg Zeax Syn cell -1 (Kana & Glibert 1987) . The same procedure was applied for all Zeax Pro cell -1 samples but with a seed value of 1.1 fg Zeax Pro cell -1 (Cailliau et al. 1996) . This procedure provides a single value of Zeax Syn cell -1 and Zeax Pro cell -1 for all the samples. A further refinement was to apply Solver a second time allowing the change of all the individual values of Zeax Syn cell -1 and Zeax Pro cell -1
. CHEMTAX was applied following the procedures described in Latasa (2007) using version 1.95 (S. Wright pers. comm.). Random pigment-to-chl a ratios between 0.1 and 1 were used as seed values of 16 input matrices. CHEMTAX was run using the following parameters: ratio limits = 500, initial step size = 10, step ratio = 1.03, epsilon limit = 0.000001, cutoff step = 3000000, iterations limit = 250 (only the first run, 120 for the next ones), elements varied = 12 (number of pigments), subiterations = 1, Weighting = Bound relative (20). The output of each run was used as input for the following run and this procedure was repeated 3 to 4 times. Another set of 16 random matrices was generated and run as the first set of matrices. This procedure was repeated 2 more times to end with 64 matrices. Because it was difficult to observe a clear convergence of ratio values, the median of each pigment ratio was incorporated to the final pigment ratio matrix. This final matrix was then used to estimate the contribution of the different groups to MVchl a stock.
The output values are presented in Table 1 . The pigment groups defined here have coherence with taxonomic groups because of their phylogenetic history. However, some species are exceptions to the correspondence shown in Table 1 (Jeffrey & Wright 2006) .
Diversity was estimated using algal groups as the taxonomic unit. The Shannon index (H' = -Σp i lnp i , 31 
Concentrations of prasinoxanthin were too low to be included in the analyses where p i is the concentration of chl a assigned to a single group by CHEMTAX divided by total chl a) was applied to the phytoplankton communities of surface and DCM layers for each station of the 3 situations. TPI was calculated by combining the distribution of major algal groups and the concentration of PON as an indicator of the trophic status of the system. The index represents the average of PON weighted by each phytoplankton group for the surface layer at all stations, i.e. for a determined Group A the index would be estimated as TPI Group 
, where PON is PON concentration, Group A is the chl a concentration assigned by CHEM-TAX to that phytoplankton group, and i represents each sample. In summary, the group-specific TPI represents the mean PON concentration weighted for the biomass of the group.
RESULTS

Physical, chemical, and biological characterization of bloom, post-bloom, and stratification
During the bloom, there was a high degree of physical, chemical, and biological spatial variability. Stratification of the water column was very weak, as revealed by the very small differences in density found occasionally between shallow and deep layers (e.g. ΔT 5-100m and Δσ 5-100m as low as 0.49°C and 0.151, respectively; the value of 0.125 for Δσ defines a mixed column, Levitus 1982) . Average temperature ranged between 13.6°C at the surface and 13.1°C at 100 m depth (Fig. 2) . The Brunt-Väisälä frequency was at a maximum between 10 and 40 m with an average value of 3.2 cycles h -1 and a smooth decrease along the upper 80 m of the water column. The chl a maximum was distributed between 20 and 40 m with the occasional presence of secondary maxima at different depths. The high concentrations of phytoplankton quickly absorbed the incident irradiance in the water column; the average attenuation coefficient for PAR (K PAR ) was 0.147 m -1 and the photic zone (1% irradiance, E) extended to around 35 m depth. Dissolved inorganic phosphate and silicate followed a depth distribution similar to nitrogen in all situations (r 2 = 0.95 for phosphate and r 2 = 0.96 for silicate in relation to inorganic nitrogen in the upper 100 m). The average concentration of dissolved inorganic nitrogen was 1.9 µmol l -1 at the surface, increasing rapidly up to 8.9 µmol l -1 at 40 m (Fig. 3) . PON was 1.7 ± 1.4 (SD) µmol l -1 at surface. During the post-bloom, there was a weak but defined thermocline at 30 m depth. Temperature was 14.5 and 13.2°C above and below the thermocline, respectively. The Brunt-Väisälä frequency presented a maximum at ca. 30 m with a value of 8.4 cycles h ). Nutrient concentrations were markedly low compared with the bloom period, with minimum values in the first 50 m (Fig. 3) . At the surface, PON was 0.57 ± 0.02 µmol l -1 . In the period of stratification in September, the water column was strongly stratified in the upper 70 m ( Pigments clearly discriminated the 3 conditions (Fig. 4) , with 'bloom' as the most distinct situation. The clustering of all stations during stratification shows that the 2 locations sampled (Days 1 to 4 and Days 5 to 6) were very similar.
Phytoplankton distribution
In March 2005 (leg EF2005N), we encountered the northwest Mediterranean spring bloom. The areal concentration of chl a integrated between 0 and 100 m was 107 ± 24 mg m -2
. CHEMTAX analysis revealed that this phytoplankton was dominated by Bacillariophyceae, with a significant contribution of Prasinophyceae (Table 2 ). The prevalent Bacillariophyceae analyzed by microscopy were Pseudo-nitzschia spp., Chaetoceros subgenus Hyalochaete spp., Thalassiosira spp., Guinardia delicatula, Bacteriastrum delicatulum, and Ditylum brightwellii. None of these genera or species are known for abnormal pigmentation, at least for the set of pigments considered as group markers in the present study.
Bacillariophyceae practically disappeared in the post-bloom period and the areal concentration of chl a was reduced to 28 ± 7.1 mg m -2 (Table 2 ). There was a very clear segregation in the water column (Fig. 5) , with Synechococcus spp. dominating at the surface (40% chl a) and Prymnesiophyceae in the DCM (40 to 50% chl a). Other significant groups were Prasinophyceae and Pelagophyceae in the DCM and Prymnesiophyceae at the surface.
The most significant change observed during the stratification period was the presence of Prochlorococcus spp., mainly in the DCM (Fig. 5) . The contribution of eukaryotes diminished from 91 to 67% of total chl a biomass. Synechococcus spp., Prymnesiophyceae, and Prasinophyceae constituted most of the phytoplankton at the surface, and Prymnesiophyceae, Prochlorococ- cus spp., and Pelagophyceae in the DCM. Microscope observations confirmed the scarcity of large diatoms and the dominance of coccolithophores and dinoflagellates in the microplanktonic (>10 µm) fraction during the post-bloom and stratification periods. Some of these dinoflagellates belonged to the genus Karenia. Species of this genus are known to form coastal blooms and can present Prymnesiophyceae-type pigmentation (Jeffrey & Wright 2006) . The possible pigment contribution of these dinoflagellates to the Prymnesiophyceae pigment pool was minor because Prymnesiophyceae-pigmented cells larger than 5 µm, the size fraction potentially contributed by Karenia spp., contributed 15% to the total Prymnesiophyceae pool (data not shown).
In summary, at the surface, Bacillariophyceae dominated during the bloom, and Prymnesiophyceae and Synechococcus spp. during the post-bloom and stratification periods. There was a clear vertical segregation within the prokaryotes, with Synechococcus spp. occupying always the shallower layers and Prochlorococcus spp. occupying the DCM during the stratification period. The vertical segregation was also evident in some eukaryotic groups e.g. Pelagophyceae, Prymnesiophyceae, and Cryptophyceae were more abundant in the DCM layer.
Diversity
The diversity index reflected the diversity that can be observed in Fig. 5 . The Shannon index (H') and the evenness in the distribution of the existing groups (H':H' max ) reflected the overwhelming dominance of Bacillariophyceae in the DCM during the bloom, with the lowest diversity values in terms of pigment groups (Table 3) .
TPI
TPI was calculated from data presented in Table 4 ) of the different phytoplankton groups integrated for the upper 100 m. Percent contribution to the total chl a is shown in parenthesis. The computed error is the SD. bd: below detection Bloom Post-bloom Stratification (n = 5) (n = 3) (n = 6)
Total phytoplankton 107 ± 24 28.4 ± 7.1 24.3 ± 6.2 Synechococcus 6.02 ± 2.03 (5.6) 2.6 ± 0.5 (9.1) 2.4 ± 0.6 (9.9) Prochlorococcus bd bd 5.5 ±1.5 (22.5) Bacillariophyceae 73.7 ±18.7 (69) 1.0 ± 0.4 (3.5) 0.87 ± 0.26 (3.6) Prymnesiophyceae 5.6 ± 2.4 (4.8) 11.7 ± 2.7 (41.2) 8.5 ± 2.3 (35.0) Prasinophyceae 12.4 ± 5.0 (11.8) 5.6 ±1.7 (19.6) 0.77 ± 0.28 (3.2) Pelagophyceae 3.1± 0.4 (2.8) 4.2 ±1.1 (14.8) 3.8 ±1.0 (15.5) Cryptophyceae 3.2 ± 0.6 (2.9) 2.7 ± 0.7 (9.5) 1.6 ± 0.5 (6.4) Dinophyceae 3.5 ± 0.6 (3.21) 0.69 ± 0.23 (2.4) 0.96 ± 0.36 (3.9) Ward's linkage method) distinguished 3 main assemblages of phytoplankton groups according to their trophic preferences (Fig. 6) . Bacillariophyceae, Prasinophyceae, Dinophyceae, and Cryptophyceae can be considered to be the most eutrophic groups; Prymnesiophyceae, Pelagophyceae, and Synechococcus spp. the mesotrophic groups; and Prochlorococcus spp. the most oligotrophic group. The data from Table 4 also allows us to validate the coherence of our results. The ratio PON:chl a (w:w) was 21, 103, and 71 for the bloom, post-bloom, and stratification periods, respectively. Assuming a Redfield C:N ratio of 5.7 by weight (= 6.6 by mol), the corresponding particulate organic carbon (POC):chl a ratios are 120, 584, and 406 respectively for the very surface waters. In parallel studies in the same layer we estimated phytoplankton carbon (PhytoC) to chl a ratios of 34 and 168 from dilution experiments for bloom and post-bloom periods, respectively (Gutiérrez-Rodríguez et al. 2010), and of 101 from microscopy for the stratification period. By comparing POC:chl a and PhytoC:chl a, it can be deduced that phytoplankton made up 28, 29, and 25% of POC during the bloom, post-bloom, and stratification periods, respectively. Gasol et al. (1997) presented an average ratio of autotrophic to total living carbon excluding detritus of 28% for oceanic waters.
DISCUSSION
Our objective was to unveil the preferences of different class-level phytoplankton groups in the open sea for waters with different degree of productivity (trophy). This information should provide clues about the ecological characteristics of these groups and, in turn, they could become ecological indicators of ecosystem status. Phytoplankton pigment distribution could clearly discriminate the bloom, post-bloom, and stratification periods, with bloom as the most distinct one (Fig. 4) . The same discriminating pattern was shown by the distribution of nutrients, a consequence of biological (consumption) and physical (mixing) processes (Fig. 3) . On the other hand, the stability of the water column presented the stratification period as the most distinct situation (Fig. 2) . As expected, the transition from mixing to weak stratification induced a stronger response in phytoplankton populations and nutrient availability, than the progression of stability from postbloom to a much more stratified situation during the stratification period. The non-linear response of the biology to physical changes complicates the establishment of straightforward relationships. Our results confirm a general vision summarized by Cullen et al. (2002) in which changes of phytoplankton community structure are mostly determined by the strong changes in the physical environment from mixing to stratification (bloom to post-bloom), and by biological interactions in low-nutrient regimes (from the post-bloom to the stratification period). Combining the information derived from pigment analyses, flow cytometry, and microscopy, we distinguished the presence of 8 main phytoplankton groups: Prochlorococcus spp., Synechococcus spp., Prasinophyceae, Pelagophyceae, Prymnesiophyceae, Cryptophyceae, Dinophyceae, and Bacillariophyceae. Their distribution during the 3 contrasting situations (bloom, post-bloom, and stratification) should provide information about the groups' trophic and ecological preferences.
The physical, chemical, and biological conditions during the bloom can be considered typical, with low stratification, high nutrient levels, and high chl a concentrations (Figs. 2 & 3) . Eukaryotic algae, and specifically Bacillariophyceae, dominated the phytoplankton community. Prochlorococcus spp. were absent, showing the typical exclusion of these 2 groups (Latasa & Bidigare 1998) . During the post-bloom, the stratification of the water column had increased, inorganic nutrients had nearly disappeared from the euphotic zone, and the DCM had deepened considerably from ca. 20 m to ca. 50 m. The phytoplankton community was dominated by Prymnesiophyceae, with a significant contribution of Synechococcus spp. in the upper layers (Table 2, Fig. 5 ). During the stratification period, the water column was very stable, inorganic nutrients were negligible in the euphotic zone, and the DCM had deepened to 70 m (Figs. 1 & 2) . Prymnesiophyceae were still the dominant phytoplankton group but there was a substantial presence of Synechococcus spp. in the upper layers and Prochlorococcus spp. in the deep ones (Table 2, Fig. 5 ).
Trophic status is a loose and often subjective definition of ecosystem condition. Several indices have been proposed to quantitatively describe the trophic condition of water (Vollenweider et al. 1998 and references therein). The current trophic indexes reflect the biomass or the potential to form biomass and they include particulate and/or dissolved nutrients and some of them also include chlorophyll. According to Vollenweider et al. (1998) , the most desirable parameters to be included in a trophic index are total nitrogen (TN) and total phosphorus (TP). This idea assumes that dissolved nitrogen and phosphorus could potentially be incorporated into biomass. However, waters with high TN and TP but low biomass because of light limitation such as those during winter in non-tropical areas or below the chlorophyll maximum cannot be considered eutrophic. High-nutrient, low-chlorophyll areas where iron and/or light are the limiting elements but TN and TP are very high, mostly in their dissolved form, cannot be considered eutrophic either. We think that the above-cited examples are significant exceptions that preclude the inclusion of dissolved forms in trophic indices. On the other hand, particulate organic phosphorus could be used as representative of trophic status. However, phosphorus is known to be stored and taken up by organisms in a disproportionate form (luxury uptake, Riegman et al. 2000) . We maintain that PON is a straightforward indicator of trophic condition because it provides a good estimate of the nourishing (trophic) component, including both autotrophic and heterotrophic organisms.
In open sea and areas away from terrestrial influence, surface layers experience the highest changes in nutrient regimes in the water column. Therefore, the dynamics of the phytoplankton populations here should provide the best indication of the trophic preferences of the difference groups. Changes in the phytoplankton community of the DCM were difficult to relate to trophic preferences because the nutricline coincided with the DCM in all 3 situations (bloom, post-bloom, and stratification). Dynamics of nutrient availability in this layer depended on the vertical diffusivity from below, a complex process that could not be quantified during the present study. Thus, we will focus on the distribution of the different phytoplankton groups in the surface layer to tease out their trophic preferences. The group-specific TPI represents the mean PON concentration weighted for the biomass of each group (Fig. 6) . The index distinguished 3 assemblages of phytoplankton groups according to their trophic preferences. Bacillariophyceae, Prasinophyceae, Dinophyceae, and Cryptophyceae can be considered the most eutrophic groups, with a clear preference for bloom conditions. The mesotrophic groups include Prymnesiophyceae, Pelagophyceae, and Synechococcus spp. They were more abundant during the bloom period but maintained a significant presence during both eutrophic and oligotrophic conditions. Prochlorococcus spp. clearly distinguish themselves as the most oligotrophic group, only present under the most oligotrophic conditions found. A comparison of this classification and the distribution of phytoplankton groups in different environments as reported in the literature is detailed next.
The eutrophic groups
Bacillariophyceae are the epitome of eutrophic conditions and are responsible for most blooms worldwide (Sarthou et al. 2005 ), but they can also play an important biogeochemical role in oligotrophic oceans (Scharek et al. 1999) . Bacillariophyceae have been well studied and they responded as expected, dominating during the bloom period and being almost absent in the post-bloom and stratification periods. Dinophyceae, a eutrophic group according to our classification, have been reported under a large range of trophic conditions. They form blooms in estuaries and near-shore regions around the world (Litaker et al. 2002) and are typically responsible for harmful algal blooms (Hallegraeff 1993). They are also seen in coastal areas as typical of stable, oligotrophic conditions occurring at the end of the succession (Margalef 1978) . In the open ocean, however, pigments of autotrophic Dinophyceae have seldom been reported as significant (Llewellyn et al. 2005 ) and the predominant forms observed under the microscope have been suggested to be heterotrophic, at least under oligotrophic conditions (Latasa et al. 1992) . Our results indicate a residual presence of Dinophyceae during bloom and post-bloom conditions, similar to the last stages of the North Atlantic bloom (Barlow et al. 1993 ). On the other hand, Mackey et al. (2002) found an increase in their contribution to phytoplankton biomass under natural nutrient enrichment conditions in the equatorial Pacific. In terms of vertical distribution, Dinophyceae seem to contribute more in surface populations (Fig. 5 ), in agreement with Qian et al. (2003) . It seems, therefore, that in the open ocean, Dinophyceae could play a role of secondary importance in surface waters in the late stages of bloom and post-bloom conditions.
Cryptophyceae and Prasinophyceae are the other 2 eutrophic groups in our study but with a significantly higher contribution of Prasinophyceae during the bloom period. The Cryptophyceae species described are mostly of nanoplanktonic size (2 to 20 µm) and represent the large-size fraction of the so-called small phytoplankton. It is assumed that small phytoplankton do not usually reach high concentrations because of high grazing rates and short generation times of their protozoan predators. Cryptophyceae cells at the high end of their size range could have the chance to escape protozoan predation and, therefore, are potential bloom formers. Indeed, Cryptophyceae blooms involve relatively large nanoplanktonic cells. Cryptophyceae blooms have been reported in Antarctica (Rodriguez et al. 2002) , especially in retreating ice-edge and glacial melt-waters with reduced salinities (Buma et al. 1992 , Moline et al. 2004 , and in fjords (Haigh et al. 1992 ). There is not a clear ecological explanation for this specific low-salinity niche, and physiological studies relating Cryptophyceae and salinity are absent to our knowledge. Mesodinium rubrum, a ciliate with Cryptophyceae endosymbionts, is also capable of forming blooms (Gieskes & Kraay 1983) . In our study, Cryptophyceae were always a small portion of the phytoplankton (<10%), with a larger relative contribution in the DCM than at the surface (Fig. 5 ). They were outnumbered during bloom conditions by groups that were classified as less eutrophic according to our classification (Prymnesiophyceae and Synechococcus spp.). Marty et al. (2002) found that Cryptophyceae and Bacillariophyceae peaked at the same time during a 7 yr study at the DYFAMED site and Vidussi et al. (2000) also reported a progressive decrease of Cryptophyceae towards oligotrophic conditions. Both studies were performed in the northwestern Mediterranean close to our study area. It can be summarized that although bloom conditions seem to favor the presence of Cryptophyceae, open-sea conditions do not favor a strong proliferation of this group.
The inclusion of Prasinophyceae in the eutrophic group was initially unexpected. Except for some welldescribed genera (e.g. Pyramimonas and Tetraselmis), Prasinophyceae cells that dominate in marine environments are usually included in the picoplankton range. It is thus assumed that their concentration will be kept low by protozoan grazing. However, Prasinophyceae was the most abundant group, after Bacillariophyceae, during the bloom period (Table 2) . It has been suggested that Prasinophyceae are most numerous in coastal waters and relatively absent from oceanic regimes (Thomsen & Buck 1998 . However, there are several reports of important contribution of Prasinophyceae in Arctic (Obayashi et al. 2001 , Hill et al. 2005 and Antarctic areas (Peeken 1997 , Van Leeuwe et al. 1998 ), and Higgins & Mackey (2000 found that chlorophytes, which include Prasinophyceae, increased in upwelling conditions south of the western equatorial Pacific. From these and our results, it can be deduced that Prasinophyceae seem to prefer eutrophic conditions. The fact that Prasinophyceae of picoplankton size with a clear preference for nutrient-rich conditions do not make regular blooms would be a clear example of protozoan grazing control over a group with a considerable potential for bloom formation.
The mesotrophic group
Prymnesiophyceae were dominant during nonbloom conditions. This observation has been repeated almost everywhere, including in our study area (Latasa et al. 1992 , Barlow et al. 1997 , Vidussi et al. 2000 . The reasons for the cosmopolitanism of the Prymnesiophyceae in marine systems are difficult to unveil. One explanation could be that, as for Dinophyceae, the physiological diversity of this group might be very large. In fact, some species/genera of Prymnesiophyceae are involved in key biogeochemical processes (calcification by coccolithophores or DMS production by Phaeocystis spp.). Prymnesiophyceae blooms are mainly formed by the genera Phaeocystis or Emiliania with a worldwide distribution (Tyrrell & Merico 2004 , Schoemann et al. 2005 . On the other hand, pigmentbased studies have always shown Prymnesiophyceae as a main group in oligotrophic waters, where picoplankton is the dominant fraction. Paradoxically, to our knowledge, there are only 2 Prymnesiophyceae species described with a mean size < 3 µm (Vaulot et al. 2008) . Molecular techniques have confirmed the presence of Prymnesiophyceae in the picoplankton range but not their high abundances (Moon-van der Staay et al. 2000) . Currently, there is an open debate about this discrepancy and the likely explanations ) but refined molecular techniques appear to confirm the important contribution of Prymnesiophyceae to the picophytoplankton (Liu et al. 2009 ). In any case, in the present study, Prymnesiophyceae pigment contribution was maximum during the post-bloom, both in absolute and relative terms (Table 2 ). This predominance was clearer in the DCM than at the surface, mainly because of the increasing contribution of Synechococcus spp. in this latter layer (Fig. 5) . Our results indicate that Prymnesiophyceae thrive quite well in oligotrophic and DCM conditions but they start to be outcompeted by cyanobacteria when oligotrophy becomes more acute.
In many pigment studies, Pelagophyceae are referred to as Chrysophyceae. Two Pelagophyceae species, Aureoumbra lagunensis and Aureococcus anophagefferens, were responsible for nuisance brown tide blooms with occasional economic damages (DeYoe et al. 1997 , Laroche et al. 1997 ). However, Pelagophyceae are not dominant in open-sea ecosystems and their role is unknown. It should be noted that a naked, picoplanktonic Dictyochophyceae has been shown to contain the pigment suite typical of Pelagophyceae (Eikrem et al. 2004 ). If present, it would have been included in our algal class. Pelagophyceae species are in the picoplankton size range (Andersen et al. 1993) and have been shown to prefer deep waters (Gieskes et al. 1988 , Furuya et al. 2003 although there are also a few reports with the opposite observations (Riegman & Kraay 2001) . Our results confirm the relative unresponsiveness of this group to different trophic conditions and their preference for the DCM (Fig. 5) . The combination of these 2 observations leads to the conclusion that the preference of this group for deep environments is not a response to the higher nutrient levels there but more likely to decreased irradiance conditions.
The relatively easy quantification of Synechococcus spp. and Prochlorococcus spp. by flow cytometry has placed these 2 cyanobacteria among the best-studied groups of the phytoplankton (Partensky et al. 1999a) . In spite of their relatively similar size and same phylogenetic affiliation there are profound differences in their physiology and ecology (Partensky et al. 1999a , Moore et al. 2002 . Based on elemental composition, both have been suggested to have low requirements for phosphorus, the main limiting nutrient in the Mediterranean (Bertilsson et al. 2003) , which might explain their increasing contribution with increasing oligotrophy (Table 2) . However, Synechococcus spp. abundance was maximum during bloom conditions. Lindell & Post (1995) also reported that Synechococcus spp. was the major component of the ultraphytoplankton (< 5 µm) during a spring bloom, while Prochlorococcus spp. dominated nutrient-depleted summerstratified waters. Other studies have demonstrated a decreasing importance of Synechococcus spp. as surface waters become depleted in nutrients (Partensky et al.1999a ,b, Tarran et al. 1999 , Mackey et al. 2002 , confirming the preference of Synechococcus spp. for more eutrophic conditions. In this sense, the reasons for the lack of Synechococcus spp. blooms (but see , Morel 1997 for exceptions) under nutrientreplete conditions could be attributed to protozoan grazing, as in the case of Prasinophyceae. The significant presence of Synechococcus spp. under oligotrophic conditions indicates that this group is extremely flexible in terms of nutrient requirements. The only environment from where Synechococcus spp. appear to be excluded is under low irradiance: in the DCM, Synechococcus spp. seem to be rapidly outcompeted by eukaryotes and Prochlorococcus spp.
The oligotrophic group
Prochlorococcus spp. are the picoplanktonic phytoplankton epitome of ultraoligotrophic conditions. Prochlorococcus spp. populations are known to decline north of 45°N, due to lower seawater temperatures (Partensky et al. 1999b) . They dominate the subtropical gyres (Ondrusek et al. 1991 , Zubkov et al. 2000 , Gibb et al. 2001 ) and have been found in the Mediterranean (Vaulot et al. 1990 , Barlow et al. 1997 ). We found a substantial presence of Prochlorococcus spp. in the DCM with a lower contribution at the surface during the most oligotrophic situation. This vertical segregation of Synechococcus spp. at the surface and Prochlorococcus spp. in deep layers has been reported repeatedly using both flow cytometry (Veldhuis & Kraay 1990 , Campbell & Vaulot 1993 , Furuya et al. 2003 and pigment analysis (Bustillos-Guzmán et al. 1995 , Higgins & Mackey 2000 . This situation is interpreted to be typical of winter-mixing areas, like our study site, where there is not enough time between the end of the spring bloom and the next winter mixing event for a Prochlorococcus spp. population to fully recolonize the oligotrophic surface layer (Partensky et al. 1999b) . Our study area is one of the nutrient-rich regions of the Mediterranean (Bosc et al. 2004 ) and the oligotrophic conditions are not so extreme as in the eastern Mediterranean or the subtropical gyres, where Prochlorococcus spp. are dominant also in surface waters (Partensky et al. 1996 , Zubkov et al. 2000 . For us, the dominance of Prochlorococcus spp. in the DCM is rather puzzling. In theory, diffusivity from below makes the DCM the most nutrient-rich layer of the euphotic zone during the stratification period. Why then does Prochlorococcus spp., a strictly nutrient-poor organism, thrive in such an environment? One explanation could be that the Mediterranean strains in our study area are more sensitive to UV radiation and are suppressed from surface waters (Sommaruga et al. 2005 ).
Diversity estimated from pigment groups will always be relatively low because of the low number of groups that can be distinguished by this technique. Still, the relative comparison among the 3 situations showed that, as expected, communities developed in stratified, nutrient-poor environments (post-bloom and stratification) presented higher diversity and evenness that populations of nutrient-rich bloom conditions (Table 3) .
CONCLUSIONS
We have focused on a bottom-up perspective of the factors regulating the distribution of phytoplankton groups in 3 trophic situations. We have also proposed an index to classify phytoplankton groups according to their tropic preferences and label them as oligotrophic, mesotrophic, or eutrophic. The results obtained in the present study confirm existing concepts of the trophic preferences of some phytoplankton groups and provide new insights into the ecology of less-studied ones. Thus, the topical adscription of Bacillariophyceae to eutrophy and Prochlorococcus spp. to oligotrophy is confirmed. The clear differentiation of Prochlorococcus spp. and Synechococcus spp., with the latter group being less oligotrophic, was also confirmed. The background role of Prymnesiophyceae and Pelagophyceae throughout different trophic conditions, with a preference of the latter group for deeper layers, is also confirmed. The most novel information is from the groups we labeled eutrophic. Thus, it was unexpected that Prasinophyceae of typically picoplanktonic size showed a clear preference for bloom conditions and were outnumbered by larger cells (Prymnesiophyceae) in nutrient-poor waters, an observation opposite to the expected size distribution under nutrient limitation. We expected that Cryptophyceae could thrive in bloom conditions because they seem to prefer coastal areas (generally more eutrophic than open ocean), sometimes forming blooms (Novarino 2003) . However, Cryptophyceae abundance was very low. Based on a review of the literature, we hypothesize that Cryptophyceae may prefer or may outcompete other species under the decreased salinity conditions in coastal areas relative to the open ocean. Finally, the inclusion of Dinophyceae in the eutrophic group reflects the wide range of trophic conditions where this group can thrive.
It must be clearly stated that the trophic preferences of each group are not necessarily related to their contribution in the different trophic phases. Thus, Prymnesiophyceae, Pelagophyceae, and Synechococcus spp. (mesotrophic) were more abundant than Cryptophyceae (eutrophic) during the bloom period. How-ever, the mesotrophic groups were less sensitive to trophic changes than Cryptophyceae. One possible explanation for the presence of groups with wide trophic preferences is that there might be a succession from eutrophic to oligotrophic species (strains in the case of Synechococcus spp.) within those groups. Indeed, the distinction of algal groups provides a basic discrimination of their trophic characteristics because they may include a large number of species. On the other hand, species belonging to each group share a common phylogenetic evolution that provides clues of their initial ecophysiological characteristics that have been preserved through history (Quigg et al. 2003 , Finkel et al. 2007 ). The knowledge of those traits has been useful for tracking the environmental conditions in the paleorecord (Katz et al. 2004 , Falkowski & Oliver 2007 and should be useful again for predicting future diversity scenarios in the framework of global change. 
